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Abstract
This study was designed to explore date palm leaves, an agro by-product, as a
potential source of natural polyphenolic compounds using appropriate green Natural Deep
Eutectic Solvent (NADES) and emerging green extraction technologies. Herein, six
different NADES were prepared using six different hydrogen donors and choline chloride
as hydrogen bond acceptor at a molar ratio of 1:2 (w/w) and different NADES
concentrations (10, 20, 40, and 80%, in water, at 40°C). Among the studied NADES,
Glycerol-based NADES showed higher phenolic yield compared to saccharide and organic
acid-based NADES. Afterward, to enhance the extraction efficiency, NADES were
coupled

with

microwave

(MAE-NADES)

and

ultrasonication

(UAE-NADES)

technologies using a 23 factorial design, and the effects of different process parameters on
total phenolic content (TPC) were analyzed. Interestingly, it was found the UAE was not
effective enough to increase the TPC, while MAE was significantly effective in increasing
the TPC. Both UAE-NADES and MAE-NADES-based extracts with the highest TPC
values (UG: 506.12, UF: 496.17, MB: 796.77, and MC: 797.92 µg/100 mg of DPL) were
further profiled for phenolic compounds using RP-UPLC, showing ferulic acid (MB:
254.41, MC: 174.23, UG: 246.64, and UF: 202.04 µg/100 mg of DPL) and rutin (MB: ND,
MC: 161.70, UG: 216.11, and UF: 167.73 µg/100 mg of DPL) as the dominant phenolic
compounds among the identified compounds. Furthermore, the effect of the extraction
method on the bioactive properties of date palm leave extract, in terms of DPPH and ABTS
radical scavenging activities as well as the inhibition of various enzymatic markers
involved in diabetes (α-amylase, α-glucosidase, and DPP-IV) and hypercholesterolemia
(cholesterol esterase and pancreatic lipase) were evaluated. MAE-NADES-based extracts
were shown to possess higher bioactive properties compared to UAE-NADES-based
extracts and thus its extraction parameters were further optimized using a Box-Behnken
design of Response Surface Methodology (RSM) with three independent factors
(microwave power, time, and NADES dilution). RSM predicted that the phenolic
extraction can be maximized at a NADES dilution of 49, 800 W for 0.84 min
(765.71±5.38b µg/100 mg of DPL). The current study concludes that the application of
MAE-NADES green extraction technology can be an effective approach for bioactive
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compounds recovery from the date palm leaves which is a rich source of natural
polyphenolic compounds.
Keywords: Date leaves, NADES, Microwave, Ultrasonication, HPLC, Bioactivity,
RSM.
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)Title and Abstract (in Arabic
تعزيز اإلنتاجية الفينولية والنشاط الحيوي لمستخلصات أوراق التمر باستخدام ال  NADESكمذيبات غير تقليدية
إلى جانب تقنيات خضراء

الملخص
صممت هذه الدراسة الستكشاف أوراق التمر (صنف خالص)  ،وهو منتج زراعي ثانوي  ،كمصدر محتمل
ُ
للبوليفينول الطبيعي باستخدام المذيب الطبيعي سهل االنصهار ()NADESالى جانب تقنيات خضراء .هنا  ،تم تحضير
ستة مذيبات مختلفة من ال  NADESباستخدام مانحات هيدروجين مختلفين وكلوريد الكولين بنسبة موالرية 2 :1
(وزن  /وزن) وتخفيفات مختلفة من ال  ، 40 ، 20 ، 10( NADESو  ، ٪ 80في الماء  ،عند  40درجة مئوية) .
من بين المذيبات المدروسة  ،أظهرت  NADESالقائمة على الجلسرين إنتاجية فينولية أعلى مقارنة بال NADES
القائمة على السكاريد والحمض العضوي .بعد ذلك  ،لتعزيز عملية االستخراج  ،تم ربط ال  NADESمع تقنيات
الميكروويف ( )MAE-NADESوتقنيات الموجات فوق الصوتية ( )UAE-NADESباستخدام تصميم عاملي 23
وتم تحليل تأثيرات معلمات العملية المختلفة على المحتوى الفينولي الكلي للمستخلصات ( .)TPCو قد تبين أن تقنيات
الموجات فوق الصوتية ( )UAE-NADESلم تكن فعالة في .زيادة المحتوى الفينولي مقارنة مع تقنيات الميكروويف
( )MAE-NADESالتي كانت فعالة في زيادة المحتوى الفينولي .تم تحديد العينات المستندة إلى UAE-NADES
و  MAE-NADESمع أعلى نتائج  TPCللمركبات الفينولية (UG: 506.12, UF: 496.17, MB: 796.77,
) and MC: 797.92 µg/100 mg of DPLباستخدام  ، RP-UPLCوالتي تبين أن حمض الفيروليك (MB:
) 254.41, MC: 174.23, UG: 246.64, and UF: 202.04 µg/100 mg of DPLو الروتين (MB: ND,
)( MC: 161.70, UG: 216.11, and UF: 167.73 µg/100 mg of DPLهما البوليفينول السائدين بين
المركبات المحددة .عالوة على ذلك  ،فقد تمت دراسة آثار طرق االستخراج على النشاط الحيوي للعينات ،من حيث
أنشطة المسح الجذري لـ  DPPHو  ABTSوكذلك تثبيط العالمات األنزيمية المختلفة المرتبطة بمرض السكري (α-
 amylaseو  α-glucosidaseو  )DPP-IVو ارتفاع الكولسترول في الدم (الكولسترول إستراز والليباز البنكرياس).
تمكنت المستخلصات المستندة إلى  MAE-NADESمن االحتفاظ بأعلى األنشطة الحيوية وتم تحسين استخالصها
باستخدام تصميم  Box-Behnkenلمنهجية سطح االستجابة ( )RSMمع ثالثة عوامل مستقلة (طاقة الميكروويف
والوقت وتخفيف  .)NADESتوقع  RSMأنه يمكن تحسين االستخراج الفينولي عند تخفيف  NADESبمقدار 49
،على  800واط لمدة  0.84دقيقة) . (765.71±5.38b µg/100 mg of DPLخلصت الدراسة الحالية إلى أن
مصدرا غنيًا للبوليفينول الطبيعي الذي يمكن استخدامه كمكونات
استخدام تقنية  MAE-NADESيجعل أوراق التمر
ً
غذائية وظيفية جديدة.
مفاهيم البحث الرئيسية :أوراق التمر  ، NADES ،الميكروويف  ،الموجات فوق الصوتية  ، UPLC ،النشاط
الحيوي .RSM،
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Chapter 1: Introduction
1.1 Overview
Polyphenolic compounds have gained, day-by-day, significant importance in the
food and pharmaceutical industries due to their bioactive potentialities (De Araújo et al.,
2021). Apart from this, consumer perception associated with chemically synthesized
polyphenols has prompted scientists to explore natural sources for the extraction of highquality polyphenolic compounds (Baba et al., 2018). In wake of global issues, such as food
security and environmental concerns, scientists around the world are working on the
valorization of a plethora of novel agro-industrial and food by-products as potential
sources of polyphenolic compounds for food and pharmaceutical industries. In this aspect,
various agro-based by-products varying from a range of fruit (Panzella et al., 2020) and
vegetable wastes (Doria et al., 2021) have been identified as rich sources of polyphenols
recovery. Among the explored agro-by-products, date fruit, most widely cultivated in arid
and semi-arid regions, and its by-products (seeds and leaves), have been identified as a
rich source of phytochemicals including polyphenolics, anthocyanins, procyanidins,
flavonoids, carotenoids, and sterols (Abu-Reidah et al., 2017; Maqsood et al., 2020).
There are more than 120 million date palm trees in the world producing
around 20-35 kg of dried leaves per palm tree annually (Martis et al., 2020). This is a huge
burden on the environment and if explored as a potential source of polyphenols may turn
out to be a viable economic source for desert regions.
The bioactive properties of polyphenols include their ability to scavenge free
radicals, and recently, their promising effects in the prevention of diabetes,
hyperlipidemia, and hypercholesterolemia, have been additionally research hotspots
(Alotaibi et al., 2021; Giacco et al., 2020). However, the extraction yield, biological
activities, and as such polyphenols application as new functional ingredients, have been
strongly affected by the adopted extraction methodology (Zhang et al., 2020). This has led
to a dramatic shift in the extraction trends of polyphenols during the last few decades with
a special focus on ensuring that the extraction process is monitored in an economical and
eco-friendly manner without downgrading the biological functionality of the resulting
extracts.
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Conventional extraction reportedly displays various shortcomings that include high
toxicity, non-biodegradability, flammability, cost, and environmental concerns of used
conventional organic solvents. Recently, natural deep eutectic solvents (NADES) have
been applied for the extraction of polyphenols due to their eco-friendly, non-toxic, and
high-efficiency attributes, as well as their economic feasibility at the industrial level
(Mehariya et al., 2021). NADES are super-molecules in a liquid form, made of natural
primary metabolites such as sugars, sugar alcohols, organic acids, amino acids, and amines
(Dia et al., 2016). These next-generation solvents are advantageous in highly enhancing
the solubility of various poorly soluble compounds, such as benzoic acid, griseofulvin, danazol, and itraconazole (5 – 22,000 times) (Espino et al., 2016), starch (up to
463,000 times) (Dai, van Spronsen, et al., 2013), and quercetin (10,000 times) (Xia et al.,
2020). Meanwhile, NADES solvating ability varies significantly depending on its
constituent components, being attributed to the difference in polarities, dissolving abilities,
nature, and extent of interaction between the NADES and the target compounds (SocasRodríguez et al., 2021). Accordingly, different types of NADES combinations are required
depending upon the plant matrix and the target compounds.
Furthermore, traditional polyphenols extraction technologies, such as maceration,
Soxhlet, and heat refluxing, are reported as less economical, energy-intensive, and
laborious. Therefore, the utilization of various non-conventional methodologies that
involve green technologies is being explored to overcome the drawbacks associated with
traditional extraction procedures (Belwal et al., 2018). The utilization of green extraction
techniques, such as ultrasonication and microwave, have been extensively investigated for
the extraction of bioactive compounds from plant-based matrices with promising future
prospectus, in terms of the reduction in extraction time and higher recovery yields
(Chanioti et al., 2021; da Rosa et al., 2019; da Silva et al., 2022). The ultrasonication
enhances the extraction procedures through the process of acoustic cavitation resulting in
asymmetric bubble collapse that can induce cell erosion, pore formation, increased
absorption, shear force, and rupture of the plant matrix (Rao et al., 2021). Microwave
radiations, contrariwise, heat the sample by dielectric heating and frictional resistance to
the ion flow resulting in drying of the cell wall that generates immense pressure, and
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ultimately the breakdown of the cell wall, leaching out target molecules (Belwal et al.,
2018; Chanioti et al., 2021).
This study was designed to explore date leaves, an agro-by-product, as a potential
source of natural polyphenols using appropriate green NADES. To enhance the extraction
process, NADES were further coupled with non-conventional green techniques such as
ultrasonication and microwave irradiation. The current research study highlights further
the effects of the extraction methods on the extracted polyphenols' biological activities, in
terms of the suppression of various enzymes linked to oxidation, diabetes, and
hypercholesteremia metabolic disorders. Finally, the extraction procedure with the highest
recovery yield and retention of bioactive properties was optimized using a Box-Behnken
Design of response surface methodology.
1.2 Statement of the Problem
Currently, UAE has around 40 million date palm trees producing over a huge
quantities of leave as waste which could be explored as beneficial and rich alternative
source of polyphenols and bioactive compounds. However, extracting polyphenols is
usually carried out using conventional extraction techniques and solvents which are having
concerns regarding their toxicity and hazardousness to the environment. A novel and safe
extraction methods have been developed using natural deep eutectic solvents (NADES)
and green extraction technologies. NADES have been reported to show a promising result
for the extraction of such bioactive compounds from various plant-based matrices. The
research hypothesis for this study is that the date palm leaves are a good source of
polyphenolic compounds which can be extracted efficiently using environmentally
friendly green extraction solvents and techniques and such compounds can further be
utilized for food and pharmaceutical applications.
1.3 Research Objectives
• Utilization of non-conventional techniques in combination with NADES for
extraction of polyphenols from date palm leaves.
• Characterization and the bioactive potential of date leave extracts were obtained
using different combinations of the hybrid extraction process.
3

• Optimization of the extraction process to maximize the yield of polyphenols from
date leaves.
1.4 Relevant Literature

Polyphenols are natural biologically active compounds that show the potential to
positively contribute to humans’ health (Antony & Farid, 2022; Mitra et al., 2022; Rana,
Samtiya, Dhewa, Mishra, & Aluko, 2022). It has been reported that the polyphenols group
contains more than 8000 different types of bioactive compounds (Shpigelman & Okun,
2022), counting antioxidant, anti-cancerous, and anti-inflammatory properties (Zhang et
al., 2022), which are known to be health-beneficial substances. Antioxidant consumption
has been proved to be one of the therapeutic methods to prevent cardiovascular diseases
and obesity that might be caused by oxidative processes and reactions (Bucciantini, Leri,
Nardiello, Casamenti, & Stefani, 2021). Polyphenols are, likewise, able to act as
anticancerogenic and antioxidant agents, via the inhibition of cell proliferation, tumor
growth, angiogenesis, metastasis, inflammation, and apoptosis (Niedzwiecki, Roomi,
Kalinovsky, & Rath, 2016). Moreover, polyphenols have revealed the potential to enhance
the response of the immune system against free radical damage (Niedzwiecki et al., 2016).
Whereas antithrombotic substances found in polyphenols have reportedly prevented blood
clots that can lead to serious health issues such as stroke and heart attack (Zhang et al.,
2022). It has been established that the source, method of extraction, and structure of
polyphenolic compounds have an influence on their health-benefiting properties (Khoo et
al., 2017). In this context, researchers are continuously exploring new natural sources of
polyphenols using various methods of extraction that intent to preserve their nutraceutical
properties. Therefore, the following literature review aims to compile different natural
sources of polyphenols, their extraction methods, and associated health benefits. In
addition to the conventional extraction methods of polyphenols, this literature review will
focus on the application of Natural Deep Eutectic Solvent (NADES) for the extraction of
polyphenols, compared to the conventional methods.
1.4.1 Agricultural By-products and Waste as Sources of Polyphenols
Polyphenols are widely distributed in the plant kingdom and can be extracted from
different sources including plants by-products (Maqsood et al., 2020). In recent past years,
4

researchers are focusing on eco-friendly and less costly methods to offer polyphenols in
the most efficient form (Mehariya et al., 2021). The extraction of polyphenols from Agriwaste is an interesting field of study as it can serve as a natural and economically friendly
source of polyphenols. Various agricultural by-products such as seeds, leaves, and skin
have been studied for the extraction of polyphenolic compounds (Doria et al., 2021).
Multiple studies were performed on the extraction of polyphenolic compounds
from different plants’ seeds. Thouri et al. (2017) reported Tunisian date seeds as a rich
source of polyphenolic compounds. Furthermore, Jamun seeds were reported for a total
phenolic content of 415 mg GAE/g date extract and total flavonoid content of 44.1 mg/g
date extract (Balyan & Sarkar, 2017). In a comparative study on pomegranate, tomato,
and grape seeds, Durante et al. (2017) confirmed grape seeds to contain the highest content
of total phenolic compounds (33.9 mg GAE/g), flavonoids (15.6 mg CE/g), and condensed
tannins (14.0 mg CE/g), while tomato seeds revealed the highest content of
Tocochromanols (159.6 μg/g). Grape seeds-derived extracts showed the highest total
antioxidant activity (178.2 μmol TE/g), followed by pomegranate (19.8 μmol TE/g) and
tomato (9.8 μmol TE/g) seeds-derived polyphenols (Durante et al., 2017). Similarly,
guarana peels and depleted seeds have been considered as polyphenolic sources (Santana
et al., 2020). Another study claimed that olive oil by-products can be used as good sources
of phenolic compounds as expressed in olive oil kernel (29.57 ± 0.13 mg GA/g) (Chanioti
et al., 2016).
Similarly, the peel and skin of some industrial waste were noted to be good sources
of polyphenols. Pal et al. (2019) and Viera et al. (2017) reported that onion peel and red
onion skin, respectively, are rich in polyphenols, flavonoids, and anthocyanins.
Furthermore, guarana peel exhibits, as well, a good amount of both phenolic compounds
and gallic acid (Santana et al., 2020; Marques et al., 2016). Peanut skin (Bodoira et al.,
2017), apple skin (Wang et al., 2019), olive pomace (Chanioti et al., 2018), grape pomace
(Putnik et al., 2016), and rice bran (Huang et al., 2019) have been additionally reported to
be a rich source with polyphenols. In another study, dry apple pomace was reported to
contain a total phenolic content of 3.3 g of polyphenols per kg of dry apple pomace
(Fernandes et al., 2019).
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Leaves are one of the major agri-food wastes that have been investigated for their
polyphenolic compounds content. Olive leaves (Chanioti et al., 2016), Croatian olive
leaves (Putnik et al., 2017), Moringa oleifera lam leaves (Karageorgou, Grigorakis, Lalas,
& Makris, 2017), Peumus boldus leaves (Torres-Vega, Gómez-Alonso, Pérez-Navarro &
Pastene-Navarrete, 2020), Sea buckthorn leaves (Asofiei, Calinescu, Trifan, David, &
Gavrila, 2016), guava leaves (Zeng et al., 2020), Stevia rebaudiana leaves (Myint et al.,
2020), Sesbania grandiflora leaves (Gunathilaka et al., 2017), Camellia sinensis var.
assamica leaves (Ng et al., 2017), and date palm leaves (Kriaa et al., 2012; Abu-Reidah et
al., 2017) have been reported as potential sources of polyphenolic compounds. Indeed,
Kriaa et al. (2012) reported total phenolic compounds contents of 69.06 ± 0.41 mg/g
extract, 79.71 ± 2.95 mg/g extract, and 146.46 ± 2.61 mg/g extract in methanolic extracts
obtained from three date varieties Deglet Nour, Medjhoul, and Barhee, respectively.
Fruit-derived waste materials (or shells) are further considered as a source of
polyphenols, such as chestnuts (Lameirão et al., 2020), cacao beans (Avilés et al., 2018),
and hazelnut (Di Michele et al., 2021) shells have been reported as rich sources of
polyphenols compounds.
In recent research work, Zhang et al. (2018) published a study about extracting
polyphenols from Chinese yam, which is known for its nutritional value and health-related
benefits including lowering blood glucose and pressure, besides preventing and aiding in
cardiovascular disease treatment. In this study, since traditional methods of polyphenols
extraction have caused the degradation of polyphenols, researchers were eager to
experiment with Ionic Liquid-based Ultrasound-Assisted Extraction (IL-UAE) technique
and reported a total antioxidant activity of 2.21 mM, concluding the interesting ability to
extract polyphenols from Chinese yam using IL-UAE as a non-toxic and green method of
extraction (Zhang et al., 2018).
As aforementioned, plants’ seeds, leaves, peel, skin, and shells are overall classified
as agricultural by-products with high nutritive value and various polyphenolic compounds
content, which leads to a better consumption and valorization of waste materials that could
harm and threatens the environment.
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1.4.2 Bioactive Properties of Polyphenolic Compounds Derived from Food By-products
Polyphenols from different sources are known to be plentiful in health-benefiting
contents, which makes their extraction process highly promoted and applied. These health
benefits have been reviewed in which polyphenols possess various pharmacological and
bioactive properties, including antioxidant, anticarcinogenic, antimicrobial, and antiinflammatory properties, apart from their ability to assist in fighting and treating chronic
diseases like obesity, type-2 diabetes, cardiovascular diseases (hypertension, stroke), and
osteoporosis (Favela‐González, Hernández‐Almanza & De la Fuente‐Salcido, 2020;
Hanuka-Katz, Okun, Parvari, & Shpigelman, 2022). Multiple approaches have been
applied to extract polyphenols to highly preserve their bioactivities, and the extracted
polyphenols are usually added to different food product models in order to increase their
nutritive value (Truong & Jeong, 2022).
In 2012, Laouini, Segni, Ouahrani, Gherraf, & Mokni (2012) aimed to analyze the
phenolic compounds content, antioxidant, and antimicrobial activities of leaf extracts from
date palm grown in Algeria. The obtained outcomes of the study proved that date leaves
extracts contain a high content value of polyphenols (215.24 to 156.46 mg GAE/g dry
weight), with high total antioxidant activity (206.21 to 324.45 mg GAE/g dry weight),
DPPH radical scavenging activity (IC50 of 2.98 to 4.83 μg/mL), and reducing power (EC50
of 13.28 to 42.26 μg/mL), obtained from three different date varieties’ leaves extracts,
Hamraya, Ghars, and Deglet Nour (Laouini et al., 2012). The three date leaves-derived
extracts were, in addition, explored for their potency against various microbial strains, the
inhibition diameters against Staphylococcus aureus were in the range of 14.4 ± 0.6 mm
for Hamraya and 19.8 ± 0.5 mm for Ghars, and 17.4 ± 0.8 mm for Deglet Nour varieties.
In conclusion, the authors claimed that the three date varieties’ leaves-derived polyphenols
are carrying antioxidant and antimicrobial potentialities that can be further studied and
used in the food and medicine area. In another study conducted in 2008, Adedapo, Jimoh,
Koduru, Afolayan, & Masika (2008) claimed that the methanol extracts of the leaves and
stems of South African Calpurnia Aurea exhibit satisfactory antioxidants and antibacterial
properties.
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In another aspect, seeds are further classified as a good source of polyphenols and
have been widely studied by researchers over the past years. Seeds of pomegranate,
tomato, and grape showed a wide range of polyphenols counting tannins, tocochromanols,
and oleoresin (Durante et al., 2017). Among these fruit seeds, the highest content of
polyphenols was perceived in grape seeds with an amount of 33.9 mg GAE/g, with the
highest total antioxidant activity of 178.2 μmol TE/g (Durante et al., 2017). Aside from
pomegranate seeds, tomato, grape, and date seeds were moreover found to be a good
source of polyphenols (John & Shahidi, 2019). The total phenolic content in date seeds
and leaves was found in the range of 68.73 to 82.62 mg GAE/g and 106.96 mg GAE/g,
respectively. The identified polyphenols in both date seeds and leaves were
proanthocyanidin dimers, catechin, epicatechin, 5-O-caffeoylshikimic acid isomers,
ferulic acid, rutin, and isorhamnetin hexoside (John & Shahidi, 2019). Their ability to
inhibit LDL cholesterol oxidation was as well checked, and results showed that date leaves
resulted in an LDL cholesterol oxidation inhibition rate of 87.82% (John & Shahidi, 2019).
Moreover, polyphenolic compounds have synergistic activities that fight efficiently
against oxidation, peptic ulcers, myocardial infarction, tumors, and a variety of other
conditions (Mitra et al., 2022).
Any irregularity in the mitogen-activated protein kinase (MAPK) signaling
pathway can affect the carcinogenic process which will lead to cell differentiation,
proliferation, invasion, angiogenesis, apoptosis, and metastasis over time (Anjum et al.,
2022). Polyphenols from various sources have been shown to play a significant role in the
development and progression of cancer by suppressing cell growth, inactivating
carcinogens, blocking angiogenesis, causing cell death, and changing immunity (Anjum
et al., 2022).
Flavonoids and tannins are two types of polyphenols that are known for their role
in carbohydrate metabolism by inhibiting key enzymes responsible for the digestion of
carbohydrates to glucose, which prevents further complications for people with Type 2
Diabetes Mellitus (T2DM) (Shahwan, Alhumaydhi, Ashraf, Hasan, & Shamsi, 2022). In
a recent study, researchers performed some investigations about the effect of polyphenols
on cancer drugs effects and have clarified that these natural compounds are able to inhibit
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cancer hallmarks such as proliferation, apoptosis, and inflammation (Maleki Dana,
Sadoughi, Asemi, & Yousefi, 2021). Moreover, polyphenols metabolites interact with
mitochondria and gut microbiota to fight against different diseases such as obesity,
depression, inflammation, and allergy and due to their skin lightening, antiaging, wound
healing, and UV-protective properties authors suggested they to be used as active
ingredients in the cosmetic industry (Rajha et al., 2022). Rheumatoid Arthritis (RA) is a
chronic, anti-inflammatory, and autoimmune disease which affects humans’ joints and
cartilage (Mehta et al., 2022). It has many treatments, yet, most if not all of the available
treatments have side effects such as gastric ulcers, hypertension, hepatotoxicity, and renal
abnormalities (Mehta et al., 2022), which leaves the patients untreated unless they suffer
from something else.

Polyphenols have proven to exhibit anti-rheumatoid arthritis

characteristics by directly modifying the inflammatory pathways, however, more research
and clinical trials are required in order to use polyphenols as an ideal therapy for
rheumatoid arthritis (Mehta et al., 2022).
One research looked at the possibility that a highly purified polyphenol extracted
from grape seed could have cognitive advantages in healthy young people. Both acutely
after a single dose and chronically after repeated daily doses spread over 12 weeks. using
an acute-on-chronic, randomized, parallel groups, placebo-controlled design, doubleblind, sixty adults (18-30 years old) each had either a 400 mg grape seed polyphenol
extract (GSPE, n = 30) or a placebo (n = 30) (Bell et al., 2022). They came to the
conclusion that younger, healthier individuals may be less responsive to a dosage of
<400mg polyphenol extract than older, or populations with cognitive impairment (Bell et
al., 2022).
In addition, Polyphenols work as an anticancerogenic agent, as it inhibits cell
proliferation, tumor growth, angiogenesis, metastasis, inflammation, and apoptosis
(Niedzwiecki, Roomi, Kalinovsky & Rath, 2016). Moreover, they enhance the response
of the immune system against free radicle damage (Niedzwiecki, Roomi, Kalinovsky &
Rath, 2016). The source, method of extraction, and structure of polyphenolic compounds
have an influence on their health-benefiting properties (Khoo et al. 2017), thus, it is
important to have knowledge about it when it comes to extracting polyphenols to get the
most possible benefit out of them.
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1.4.3 Conventional Extraction of Polyphenols
The extraction of polyphenols from agricultural by-products can be performed
conventionally by using different solvents, including methanol, ethyl acetate, and hexane
(Kriaa et al., 2012). For instance, methanol, ethyl acetate, and hexane were used for the
extraction of polyphenols from three different varieties of date palm tree leaves (Phoenix
dactylifera), and the following descending order, in terms of extraction potency, total
antioxidant, and radical-scavenging activities, was observed: methanol (MeOH)-based
fraction > ethyl acetate-based fraction > hexane-based fraction > water-based fraction
(Kriaa et al., 2012).
A study monitored by Bodoira et al. (2017) shows that the densest concentration of
polyphenolic contents in peanut skins is noticed by using about 60% of ethanol along with
other favorable conditions, whereas 80% of ethanol has been considered as the optimum
solvent concentration for the highest extraction yield of polyphenols from red onion skin
(Viera et al., 2017). In another research study, 57% of ethanol was used for the extraction
of polyphenols from white grape seeds (da Porto & Natolino, 2017). Thouri et al. (2017)
studied the effect of different solvents (methanol and acetone) on the extraction of
polyphenols from Tunisian dates seeds and mentioned that the extracting solvent has a
great effect on phytochemicals content (total polyphenols, flavonoids, and condensed
tannins), antioxidant activity, and the inhibition of inflammation and hyperglycemia key
enzymes.
155 different types of Indian seeds were studied for their phenolic content, which
belongs to 4 main categories including herb (57), tree (64), shrub (14), and vine (20), and
after investigations, the authors found out that high contents of total phenolic compounds
(>4000 mg/100 g) were detected in the seeds from Argemone mexicana (Mexican poppy),
Nigella sativa (black cumin), Papaver somniferum (opium poppy), Sesamum radiatum
(benniseed) and Solena amplexicaulis (creeping cucumber) (Sahu et al., 2022). The
highest content of flavonoids was found in A. Mexicana and S. Radiatum, while the
highest concentration was found in Parkia javanica and Santalum album (Indian
sandalwood (around 7900 mg/100 g) (Sahu et al., 2022).
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Pomegranate is a fruit, rich in natural bioactive substances that may be isolated
from the fruit’s peel and seed (Campos, Seixas, Henriques, Peres, & Veloso, 2022).
Pomegranate by-products contained total phenolic compounds of 0.36 mg GAE/mg, total
flavonoids of 0.031 mg CATE/mg, and IC50: 0.51 mg/mL (Campos, Seixas, Henriques,
Peres, & Veloso, 2022).
The increased demands for natural antioxidants, most likely polyphenols due to
their health benefits, as well as the utilization and waste reduction related to food byproducts, kept researchers’ eyes focused on extracting polyphenols despite the method of
extraction, which has opened the doors for new experiments including different
conventional extraction methods. However, it is more important to keep in mind that using
volatile and flammable conventional solvents has every possibility to affect human health
as well as the environment, which makes it, even more, controversial side (Mehariya et
al., 2021).
The hunt for alternative techniques to extract bioactive substances that are safe for
human health and the environment started to get on their way into the field. In many
industrial processes, huge amounts of flammable and volatile organic solvents are
employed in different reaction systems and separation phases which determine a
significant portion of a process’s economic and environmental performance. In order to
create new ecologically friendly and safe solvents that would satisfy both technological
and financial objectives, a raising area of study in concentrating on the development of
green technologies. A quick summary of the knowledge regarding green solvents that have
been proposed, including NADES has been studied significantly during the recent past.
Special attention on plant biologically active compounds’ green extraction has been
reported in different studies. The authors claimed that green solvents will lead to a brighter
future in the field of polyphenols extraction and usefulness (Cvjetko Bubalo, Vidović,
Radojčić Redovniković & Jokić, 2018).
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Table 1:Total phenolic content of different food by-product sources processed using
conventional extraction techniques.
Source

Total
phenolic
content

Method of extraction

Reference

Tomato seeds

1.1 mg GA/g
DW

Supercritical CO2

Durante et al. (2017)

Pomegranate
seeds

3.1 mg GA/g
DW

Supercritical CO2

Durante et al. (2017)

Apple pomace

3.3 g/kg of
DW

Acidified Hot Water

Fernandes et al. (2019)

Grape seeds

33.9 mg
GA/g

Supercritical CO2

Durante et al. (2017)

Grape pomace

124.65 mg/g
DW

Ethanol

Putnik et al. (2016)

Peanut skin

164.79 mg
GAE/g DW

Water-ethanol at high pressure

Bodoira, et al. (2017)

Cacao bean
shell

262.73
GAE/100 g
DW

Maceration, reflux and Soxhlet

Avilés et al. (2018)

Chestnut shell

393.1 mg
GAE/g DW

Ultrasound-Assisted Extraction
combined with standard chemicals

Lameirão et al. (2020)

Jamun seeds

415 mg
GAE/g DW

Aqueous extraction

Balyan & Sarkar, (2017)

Pomegranate
peel and seed

0.36 mg
GAE/mg

Conventional solid/liquid extraction
with ethanol/water mixtures

Campos, Seixas, Henriques,
Peres, & Veloso, (2022)

DW

GAE: Gallic Acid Equivalent.
DW: Dry Weight
1.4.4 Natural Deep Eutectic Solvents (NADES)

The hunt for alternative techniques to extract bioactive substances that are safe for
human health and environmentally friendly started to take a major part in this field.
Compared to traditional organic solvents, Natural Deep Eutectic Solvents (NADES) have
demonstrated greater efficiency resulting in higher yields of bioactive components
recovery (Murador, de Souza Mesquita, Vannuchi, Braga & de Rosso, 2019). However,
more importantly than boosting the extraction yields, it is crucial that the produced extracts
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maintain their biological functions and are not toxic to human health in order to show
potential and safe alternatives for pharmaceutical and food applications. By taking into
account the bioactive effects of the resulting extracts, this review intended to assess the
most current publications addressing the benefits of utilizing alternative solvents over
using conventional ones.
Large amounts of flammable and volatile organic solvents, which are utilized in numerous
reaction systems and separation phases, are a substantial contributor to the environmental
and financial performance of many industrial processes. In addition, as time is passing,
humans are facing more and more issues, mainly in terms of intoxication of the
environment putting thereby their life at a risk. Accordingly, a growing area of research is
focusing on the development of green technologies to design new environmentally
friendly, and safe solvents which would meet both technological and economical goals
(Cvjetko Bubalo, Vidović, Radojčić Redovniković, & Jokić, 2018). In living cells, the
third class of liquid is defined as NADES. they are not water or lipids and are used as an
alternate medium for the production, transportation, and storage of molecules with
intermediate polarity. These substances were later categorized as fourth-generation ionic
liquids (Mišan et al., 2019). They are known to have unique physicochemical properties
including their ability to remain in a liquid state among a wide range of temperatures, low
volatility chemical and thermal stability, non-flammability, and lack of toxicity (Mišan et
al., 2019). NADES are a combination of different Hydrogen Bond Donors (HBD) and
Hydrogen Bond Acceptors (HBA). Nontoxic quaternary ammonium salts or amino acids
such as alanine, proline, glycine, and betaine are the most often used HBA. While HBD is
often either carbohydrate like glucose, fructose, and maltose or organic acids like oxalic
acid, lactic acid, and malic acid. Aldehyde, amine, carboxylic, ketone, and alcohol groups
all exhibit both acceptors' and donors’ behavior (Figure 1) (Mišan et al., 2019). One of the
characteristics of NADES is their polarity which effects both their extraction proficiency
and miscibility with other solvents (Mišan et al., 2019). NADES flow behavior was, in
this regard, studied in different combinations of HBA and different natural organic HBD
(Figure 1) was determined that all produced NADES had liquid-state behavior at all
temperatures examined in a 1:1 molar ratio (Altamash et al., 2017).
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NADES are a safe, sustainable, and green method of biologically active compound
extraction that is classified as a promising alternative to conventional organic solvents
(Mišan et al., 2019). NADES species display the ability to dissolve natural or synthetic
chemicals of low water solubility. The basic structural unit of NADES primarily depends
on the intermolecular interactions between their components, which makes NADES
matrices readily affected by various factors, like water content, temperature, and
component ratio, and thus, extends the metabolomic challenge of natural products (Liu et
al., 2018).
(A)

(B)

(C)

Figure 1: Components of NADES, (A) Hydrogen bond donors, (B) Hydrogen bond
acceptors and, (C) Hydrogen bond donors and acceptors.
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Radošević et al. (2016) conducted an experiment that aimed to prepare multiple
phenolic grape skin extracts using NADES and their valorization by testing their biological
activity against two human tumor cell lines. Five NADES with choline-chloride that
contained malic acid, glucose, fructose, xylose, and glycerol were employed. The obtained
results favored the NADES containing malic acid revealing the best performance in
providing an efficient extraction compared to the other NADES, in terms of total phenolic
and total anthocyanin contents of 91 and 24 mg/g dry weight, respectively, with an ORAC
value of 371 mmol TE/g dry weight, and antiproliferative activity. The authors further
stated that NADES is beneficial not only in fine-tuning solvents but also in enhancing the
biological activity of the extracts, which assures the fact that using NADES will pave the
way to a healthier environment (Radošević et al., 2016).
In another study, Liu et al. (2018) focuses on NADES properties and applications
in natural product research. They concluded that NADES properties are directly associated
with their components, showing that NADES species exhibit significant solubilizing
selectivity for some natural products, which represents both opportunities and challenges
in their applications, practitioners must consider the inherent properties of NADES in
order to develop efficient NADES experiments and applications, and that the documented
observations of NADES chemical diversity in Nature are still limited (Liu et al., 2018).
NADES were likewise used to extract alkaloids and polyphenols from Peumus
boldus leaves, which is a Chilean medicinal tree usually used for treating gastrointestinal
and liver diseases, being linked with the presence of bioactive flavonoids and aporphine
alkaloids (Torres-Vega, Gómez-Alonso, Pérez-Navarro, & Pastene-Navarrete, 2020).
Proline-oxalic acid (1:1) with 20% water resulted in the most promising solvent with a
higher extraction yield of boldine and TPC form Peumus boldus leaves, which supports
NADES being an eco-friendly organic solvent that acts as an efficient extraction media
(Torres-Vega et al., 2020).
Gómez-Urios et al. (2022) conducted a study aiming to extract polyphenols and
flavonoids from orange byproducts after realizing that orange is consumed in huge
amounts around the world. NADES was used as the method of extraction from orange
peels, where the extracted polyphenol content was monitored for 30 days (Gómez-Urios
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et al., 2022). Out of 14 different NADES solvents, lactic acid: glucose (LA: Glu) was the
most promising with an extraction yield of 1932 ± 7.83 mg GAE/100 GDW for TPC and
82.7 ± 3.0 mg/100 GDW for TFC (Gómez-Urios et al., 2022).
Hazelnut (Corylus avellana L.) is one of the most commonly cultivated tree nuts
worldwide (Fanali et al., 2021). The skin is considered a major byproduct of the hazelnut
that is rich in phenolic content (Fanali et al., 2021). Fanali et al. (2021) conducted a study
to experiment with the Choline Chloride–Lactic Acid-Based NADES As an Extraction
Medium for the Extraction of Phenolic Compounds from Hazelnut Skin, where the highest
TPC obtained was 13.98 g GAE 100 g−1 of skin (Fanali et al., 2021).
Combining hydrophilic and hydrophobic NADES was additionally used to extract
polyphenols from mate tea leaves (Rebocho et al., 2022). In this study, the used NADES
system was able to extract 30% more of the phenolic content in mate tea leaves compared
to the traditional methods and the extracts were claimed 100% natural. The obtained
results lead authors to conclude that NADES is a better option for polyphenols recovery,
serving not only the environment but also the economics (Rebocho et al., 2022).
1.4.4.1 NADES Combined with Ultrasound-Assisted Extraction (NADES-UAE)
Bosiljkov et al. (2017) explored NADES as a better alternative for the environment
than the conventional methods for extracting anthocyanins from wine lees combined with
high-efficiency ultrasound-assisted extraction. Choline–chloride-based NADES with
malic acid as the HBD was chosen as the most favorable system compared to the
traditional solvents for the efficient extraction of anthocyanins, and the most productive
conditions were extraction time of 30.6 min, ultrasound power of 341.5W, and water
content in NADES of 35.4% (w/w) (Bosiljkov et al., 2017).
Apple pomace is known for its phenolic and flavonoid content, as a result, a study
was conducted to explore the extraction efficiency of NADES combined with UAE
(Rashid, Mohd Wani, Manzoor, Masoodi, & Masarat Dar, 2022). The result of the study
showed that NADES combined with optimized UAE provides higher extraction efficiency
than using NADES alone (Rashid et al., 2022).
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Another study used the combination of NADES with UAE as one method of
polyphenol extraction from Lavandula pedunculata subsp. lusitanica (Chaytor) Franco and
compared it with other methods of extraction including conventional extraction methods,
and concluded that NADES combined with UAE provided the highest phenolic content
and antioxidant activity, which leads to the fact that the combination of UAE and NADES
provides an excellent alternative to organic solvents for sustainable and green extraction
(Mansinhos et al., 2021).
1.4.4.2 NADES Combined with Microwave Assisted Extraction (NADES-MAE)
Recently, NADES were explored to extract polyphenols from olive oil by-products
using microwaves, which is a convenient, rapid, environmentally friendly, and efficient
technique (Chanioti & Tzia, 2018). In this experiment, NADES consisted of cholinechloride with maltose, glycerol, critic, and lactic acid. The reported results show a good
extraction ability of the combination expressed as 29.57 ± 0.13 mg/g dry weight for olive
kernel and 36.71 ± 0.07 mg/g dry weight for olive leaves respectively (Chanioti & Tzia,
2018).
Similarly, Souza et al. (2022) developed a green method for the extraction of
phenolic compounds from Eugenia uniflora, involving chloride-choline-based NADES
and microwaves as a green alternative to the hydro-phenolic solutions, being proved to be
more sustainable than the other conventional extraction approaches (Souza et al., 2022).
1.4.4.3 Utilization of NADES-MAE AND NADES-UAE for extraction of bioactive
compounds
More recently, three NADES systems were used to evaluate the TPC of sour cherry
pomace, these systems included heating and stirring (H&S), ultrasound (US), and
microwave (MW) methods (Popovic et al., 2022). It was found that MW-assisted took the
least amount of time for preparation at 28 seconds (Popovic et al., 2022). Moreover, MWassisted was the most rapid in terms of extraction time, with less than 5 minutes (Popovic
et al., 2022). However, the most efficient system was the ChCl: MalA system in the three
methods, with a 62.33% better efficiency compared to the other systems with a TPC of
3250 μg/g lyophilized sour cherry pomace (LSCP) (Popovic et al., 2022) as depicted in
Table 2.
17

All the studies above cited in this review proved that NADES are better solutions
for the extraction of bioactive compounds. Although being eco-friendly, nontoxic,
sustainable, faster, less costly, and more efficient. Conventional extraction methods are
still used and more common than NADES. Nowadays, researchers are approaching
NADES and are combining it with other methods to get the most efficient way to extract
polyphenols in order to benefit humans and the environment. There are no known
disadvantages of using NADES, yet it is still a newly discovered method that needs to be
explored in a broader way. Nevertheless, it is still considered as a safer option than the
traditional methods.
Table 2: Total phenolic content from different by-products sources using green
extraction methods.
Source

Total
phenolic
content

Method of extraction

Reference

Olive oil kernel

29.57 mg
GAE/g DW

Homogenization combined with
NADES

Chanioti et al. (2018)

Olive leaves

36.71 mg
GAE/g DW

Combination of NADESs with
MAE

Chanioti et al. (2016)

Onion peels

69.21 GAE
g−1 DW

Deep eutectic solvent

Pal, et al. (2019)

Grape skin

91 mg
GAE/g DW

Choline-chloride-based NADES

Radošević et al. (2016)

Peumus boldus
leaves

179.44 mg
GAE g−1

NADES

Torres-Vega, Gómez-Alonso, PérezNavarro, & Pastene-Navarrete, (2020)

Orange peel

1932 mg
GAE/100 g
DW

NADES

Gómez-Urios et al. (2022)

Sour cherry
pomace

3250 μg

NADES combined with ChCl:
MalA system

Popovic et al., (2022)

GAE/g DW

Hazelnut (Corylus
avellana L.) skin

13.98 g GAE
100 g−1 DW

Choline Chloride–Lactic AcidBased NADES

Fanali et al., (2021)

Wild Thyme
(Thymus
serpyllum L.)

52.43 mg
GAE/g DW

NADES

Pavlić et al. (2022)

Olive kernel

29.57 mg
GAE/g DW

NADES combined with
Microwave Assisted Extraction
(MAE)

Chanioti & Tzia, (2018)
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Table 2: Total phenolic content from different by-products sources using green
extraction methods (Continued).
Olive leaves

36.71 mg
GAE/g
DW

NADES combined with
Microwave Assisted Extraction
(MAE)

Chanioti & Tzia, (2018)

Mate tea leaves

13.5 ± 1.0

Combining hydrophilic and
hydrophobic NADES

Rebocho et al. (2022)

mg
GAE/100
mg DW
Apple pomace

5.6 mg
GAE/g
DW

NADES combined with UAE

Rashid, Mohd Wani, Manzoor,
Masoodi, & Masarat Dar,
(2022)

Lavandula pedunculata
subsp. Lusitanica
(Chaytor)

56.00 mg
GAE/g
DW

NADES combined with UAE

Mansinhos et al. (2021)

GAE: gallic acid equivalent.
DW: dry weight.

19

Chapter 2: Methods
2.1 Chemicals and Raw Materials
Choline-chloride, citric acid monohydrate, oxalic acid, malic acid, xylose, glucose,
and glycerol were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO,
USA). α-amylase from porcine pancreas (type VI-B ≥ 5 units/mg of solid), α-glucosidase
from Saccharomyces cerevisiae (type I, lyophilized powder ≥ 10 units/mg of protein),
porcine pancreatic lipase (EC 3.1.1.3), cholesterol esterase enzyme from porcine pancreas
(EC 3.1.1.13), and DPP-IV human (EC 3.4.14.5) all were purchased from Chemical
Company (St. Louis, MO, U.S.A) Sigma-Aldrich. Reagents like Folin-Ciocalteu reagent,
gallic acid, sulfuric acid, (+)-Catechin, sodium nitrite (NaNO2), 6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid (Trolox), aluminum chloride (AlCl3), 2,2’diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS), p-nitrophenyl-α-D-maltohexaoside (pNPM), disodium phosphate dibasic,
sodium acetate, monosodium phosphate monobasic, 2,4,6-tripyridyl-s-triazine (TPTZ),
methanol, ethanol, sodium hydroxide, potassium persulphate, and acetonitrile used for the
characterization of polyphenols they were all purchased from BDH Middle East (United
Arab Emirates) and Sigma-Aldrich Chemical Company (St. Louis, MO, U.S.A). Purchases
of other chemicals were all of the analytical grade.
2.2 Sample Collection
Date leaves (var. Khalas) were obtained from local farms of Al Ain, Abu Dhabi,
United Arab Emirates (UAE). The dried leaves were collected immediately from the tree,
cleaned, and grinded with an automatic grinder (Moulinex, France) to fine powder, and
freshly used for the extraction of polyphenols.
2.3 Design of Experiment
Different NADES solutions were used in a One-factor-at-a-time (OFAT)
experiment to select the most suitable NADES solvent for the extraction of date leavesderived polyphenols. NADES with the highest extraction yield (N*) was further used in
combination with different techniques such as microwave and ultrasonication in a 2 3
factorial design to detect the most suitable combination of factors needed for producing
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the extract with the highest polyphenolic content. Samples with the highest polyphenolic
content were further analyzed for different bioactive properties using a nested ANOVA.
The extraction procedure that yielded the highest result was ultimately optimized for
MAE-based extraction using the Response Surface Methodology (RSM).
2.4 NADES preparation and selection
The NADES solutions were prepared according to the method of (Dai, Van
Spronsen, et al., 2013) by heating the two individual components: a hydrogen donor
(glycerol, oxalic acid, citric acid, malic, xylose, glucose) and a hydrogen acceptor
(choline-chloride) at 80°C under constant stirring until a homogeneous transparent liquid
was formed. Stirring was kept intermediate to prevent the formation of air bubbles in the
solvent. A molar ratio of 1:2 was selected based on the existing literature that supports a
1:2 ratio as a suitable combination for maximizing the extraction yield (Plaza et al., 2021).
Different concentrations of the NADES solutions were prepared by the addition of water
at 10, 20, 40, and 80%, and used in the extraction of polyphenols from date palm leaves.
2.5 Extraction of polyphenols and analysis of total phenolic content
For the extraction of polyphenols, 100 mg of date leaves were treated using each of
the NADES systems (solvent-to-solid ratio of 10:1), in a shaking water bath at room
temperature for two hours (Tao et al., 2014). The extracts were then centrifuged for 15
minutes at 5000 × g, and the resulting supernatants were filtered using a Whatman filter
paper no. 4, the permeate afterward obtained was termed as date leave extract (DLE). for
2 h Conventional solvents: water, acidified aqueous solution of ethanol and acidified
aqueous solution of methanol (70% (v/v) each; pH 2.7) served as controls.
Total phenolic content (TPC) was monitored using the Folin-Ciocalteu reagent
according to the method of (Singleton & Rossi, 1965) with slight modifications. In brief,
15 μL of Folin-Ciocalteu reagent was added to 5 μL of the sample. After 5 min, 15 μL of
7% Sodium carbonate was added and the final volume was made up to 100 μL. Samples
were incubated for 120 min at room temperature, and the absorbance was thereafter taken
at 750 nm. The TPC of samples was expressed as mg gallic acid equivalents per mg on a
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fresh weight basis (GAE µg /100mg Fresh weight of date leave (FWDL) using a gallic
acid standard curve (y = 0.205x + 0.0513; r2 = 0.998).
The NADES-based date leave extract (N*) that exhibits the highest total phenolic
content was selected as the most potent green extraction solvent for date leave polyphenols
recovery, and further coupled with non-conventional techniques (Ultrasonication and
Microwave irradiation).
2.6 Ultrasound-assisted extraction (UAE) using NADES
Date leaves were mixed with the selected NADES in a 23-factorial design at a solidto-solvent ratio of 1:10 and temperature of 40 ± 2 ℃. The factors in the current design
were used at two different levels (high and low) that included NADES dilution (Water:
NADES of 30:1 and 60:1), ultrasound power (40 W and 60 W), and time (30 and 60 min).
Similarly, water, an acidified aqueous solution of ethanol and acidified aqueous solution
of methanol (70% (v/v) each; pH 2.7) served as controls.
2.7 Microwave-assisted extraction (MAE) using NADES
Date leaves were mixed with the selected NADES and the extraction process was
assisted with microwaves in a 23-factorial design. The factors used in the present design
included NADES concentration, microwave power, and time, each at two different levels
(high and low level) producing a total of eight combinations. The high and low levels of
NADES dilution (Water: NADES) of 30:1 and 60:1 was used. Each NADES concentration
was mixed with macerated date leaves (solid-to-solvent ratio of 1:10) and the mixture was
subjected to microwave irradiations at two power levels (400 W and 800 W) and two-time
levels (0.5 and 2 min), at a temperature of 40 ± 2 ℃. Likewise, water, an acidified aqueous
solution of ethanol and acidified aqueous solution of methanol (70% (v/v) each; pH 2.7)
served as controls.
2.8 Date leaves extracts-derived polyphenolics profiling using Reverse Phase
Ultra Performance Liquid Chromatography (RP-UPLC)
The selected date leave extracts with the highest TPC from each treatment were
analyzed using Reverse Phase Ultra Performance Liquid Chromatography (RP-UPLC) for
the identification of phenolic compounds following the method described by Mostafa et
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al. (2022). A Thermo Scientific Dionex Ultimate 3000 UHPLC system was used to
analyze phenolic compounds. The machine is equipped with an RS pump in the quaternary
Series and a column compartment with a Thermo Scientific Dionex Ultimate 3000 Series
TCC-3000RS, an autosampler with Thermo Fisher Scientific Ultimate 3000 Series WPS3000RS and a PDA detector for a quick separation managed by Chromeleon 7.2 Software
(Thermo Fisher Scientific, Waltham, MA, USA, and Dionex Softron GmbH subsidiary of
Thermo Fisher Scientific, Bremen, Germany). Samples (1 mL) were filtered via a 0.45
μm micropore membrane filter (PTFE, Waters, Milford, MA, USA) before injection. a
UHPLC C18 column (Suplecosil LC-18-DD 150 X 4.6 mm) was used for liquid
chromatography. Eluent A which was of 0.1% formic acid in water and eluent B with 0.1%
formic acid in methanol made up the mobile phase. Following were the gradient
parameters: 0–0.1 min, B (15%); 0.1–7.1 min, B (65%); 7.1–7.9 min, B (95%); 7.9–8.0
min, B (95%); 8.0–10.0 min, B (15%). The column temperature was set at 30°C, the
mobile phase flow rate was maintained at 1.0 mL/min, and the effluent was monitored at
280 nm. The quantification was carried out via an external calibration method using pure
phenolic standards (Calibration range of 0.1 µg/mL-20 µg/mL) with an R2 value ranging
between 0.95. The identified phenolic compounds were reported in µg/100g FWDL.
2.9 Bioactive Properties of date leaves-derived extracts
The selected date leaves-derived extracts prepared using UAE-NADES and MAENADES with the highest values of total phenolic content were further analyzed for their
bioactive properties, in terms of radical scavenging activity, besides the inhibition of
various enzymatic markers associated with diabetes and hypercholesterolemia. Extracts
prepared with water, acidified aqueous methanol, and acidified aqueous ethanol (70%
(v/v) each; pH 2.7) were used as controls.
2.9.1 In-vitro, antioxidant activity
2.9.1.1 Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity
The DPPH radical scavenging activity was performed according to the method of
(Brand-Williams et al., 1995) with slight modifications. Briefly, 100 μL of DPPH (0.15
mM) was added to 100 μL of samples. The absorbance was taken at 517 nm after an
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incubation time of 30 min at room temperature. The DPPH radical scavenging activity was
expressed as µg of Trolox equivalent per 100 mg of DPL on a fresh weight basis using a
Trolox standard curve (y = 0.082 + 0.62; r2 = 0.988).
2.9.1.2 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
The potential of date leaves-derived extracts, using UAE-NADES and MAENADES, to scavenge the ABTS free radicals was estimated according to the method
described by (Al-Shamsi et al., 2018) with slight modifications. Therefore, 1 mL of ABTS
reagent was mixed with 50 mL of methanol, and 285 μL from the ABTS solution was
added to 15 μL of samples and incubated for 2 h in the dark. At 734 nm the absorbance
was measured. On a fresh weight basis, the ABTS radical scavenging activity was reported
as µg of Trolox equivalent antioxidant capacity per 100 mg.
using a Trolox based standard curve (y = 0.547x + 1.108; r2 = 0.997).
2.9.2 Antidiabetic properties of date leaves-derived extracts
2.9.2.1 α-amylase inhibition
The α-amylase inhibition for the selected date leaves-derived extracts was
evaluated as described by (Baba, Mudgil, Kamal, et al., 2021). Briefly, in a 96-well
microplate each sample (50 L) was mixed with 5 mM p-nitrophenyl-α-D-maltohexaoside
(p-NPM, 100 L) and porcine pancreatic α-amylase enzyme (100 l, 0.5 mg/ml) and
incubated at 37°C for 90 min. A control reaction well-contained α-amylase (100 l), pNPM (100 L), and 0.02 M sodium phosphate buffer (50 L) (pH 6.9). At 405 nm the
absorbance of the product (p-nitrophenyl) was measured using a microplate reader
(Thermoscientific, Skanit). The α-amylase percentage inhibition was calculated using the
following equation:
% Enzyme inhibition = [1 − (

C−D

)] × 100

A−B

(Equation 1)

where the A, B, C, and D stand for the absorbances of the control (substrate, enzyme, and
buffer), control blank (Only buffer, and substrate, no enzyme), sample (substrate, enzyme,
and sample), and sample blank (no enzyme, only sample, and substrate), respectively.
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2.9.2.2 α-glucosidase inhibition
The α-glucosidase inhibition of date leaves-derived extracts was determined as
described by (Kamal et al., 2018). Thus, each sample (50 µL) was mixed with a 10 mM
4-nitrophenyl-β-D-glucopyranoside (p-NPG) (100µL) solution. To this mixture, the
enzyme solution (100 µL; 0.2 U/ml) was added and incubated for 10 min at 37 ℃. The
production of p-nitrophenol from p-NPG was measured at 405 nm. The percentage
inhibition was calculated using Equation 1.
2.9.2.3 Dipeptidyl peptidase-IV (DPP-IV) inhibition
The DPP-IV inhibitory activity of the selected date leaves-derived extracts was
determined as described by (Mudgil, Jobe, et al., 2019) with slight modifications. In this
regard, samples (50 L) were added to the Gly-Pro-p- nitroanilide (100 L; 0.5 mM)
(reaction substrate), DPP-IV (0.01 U/mL; 100 l), and Tris-HCl buffer (50 L; 0.1 M; pH
8.0), then the mixture was incubated for 90 min at 37°C. The absorbance was measured at
405 nm of p-nitroanilide released during the enzyme-substrate reaction. In order to
represent 100% enzyme activity, a control reaction without a sample was also performed
in the same way. The DPP-IV percentage inhibition was measured as above-described
using Equation 1.
2.9.3 In-vitro Anti-lipidemic properties of date leave-derived extracts
2.9.3.1 Pancreatic lipase Inhibition
According to the method described by (Baba, Mudgil, Baby, et al., 2021) the
pancreatic lipase inhibition of the selected date leaves-derived extracts was estimated with
slight modifications. Briefly, samples (50 L) were mixed with pancreatic lipase solution
(100 L; 1 mg/mL), as substrate p-nitrophenyl butyrate (100 L; 5 mM), and as buffer
sodium phosphate (0.1 M, pH 8.0) in a 96-well microplate and incubated at 37°C for 90
min. And to represent 100% enzyme activity, a control reaction (without date leavesderived extracts) was included and performed in a similar manner. At 405 nm in a
microplate reader the absorbance of the released p-nitrophenyl was monitored (Epoch 2,
BioTek, VT, USA). As above described in section 2.9.2.1. blank reactions were
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accordingly prepared. The pancreatic lipase percentage inhibition was similarly measured
using Equation 1.
2.9.3.2 Cholesterol esterase inhibition
The Cholesterol esterase inhibition was determined using the method described by
(Mudgil, Baby, et al., 2019) with slight modifications. Briefly, date leaves-derived
extracts' samples (50 μL each), p-nitrophenyl butyrate (175 μL; 5 mM) as substrate in 0.1
M sodium phosphate and NaCl buffer, and 0.1 M sodium phosphate and NaCl buffer (pH
7.2) were incubated with 100 μL of cholesterol esterase (5 μg/mL) for 30 min at 37°C. At
405 nm the released p-nitrophenol upon the p-nitrophenyl butyrate enzymatic hydrolysis
was measured, and the percentage of the enzyme inhibition was calculated as
aforementioned using Equation 1.
2.10 Optimization of the MAE process using NADES
The selected extraction technique coupled with NADES that showed the highest
TPC values and retention levels of bioactive properties was considered for the
optimization experiments. Based on the initial results obtained through the factorial
analysis and OFAT, the extraction of date leaves-derived polyphenols was optimized using
a Box-Behnken Design of RSM. The factors NADES dilution (A), power (B), and time
(C) were analyzed at three different levels (Table 3), using the following quadratic
polynomial model:
𝑦 = 𝛽 + β1 A + β2 B + β3 C + β4 𝐴2 + β5 𝐵 2 + β6 𝐶 2 + β7 AB + β8 BC + β9 AC + ε

Table 3: Factors and their levels used for optimizing the date leaves-derived polyphenols
extraction using a MAE-NADES combination.
Factors
Water: NADES
Power (Water)
Time (min)
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Notation
A
B
C

-1
30
600
0.5

Levels
0
45
800
1.25

+1
60
1000
2

2.11 Statistical analysis
All the analysis was done in triplicates. Statistical analysis was performed using
MINITAB, Ver 18. The experimental values of TPC were statistically analyzed using
Two-way ANOVA and compared using Tukey’s test at a level of significance of p < 0.05.
A general full factorial analysis through the design of the experiment was used to study
the effect of extraction parameters as well as their two and three-way interactions on the
response output. The bioactivities of samples were compared through a nested ANOVA.
The quadratic model employed for Box-Behnken was generated using Design Expert 8.0
(Stat-Ease Inc., Minneapolis, MN). RSM was also done using the same software.
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Chapter 3: Results and Discussions
3.1 Selection of the suitable NADES system based on the total phenolic content
In the current research study, six choline-chloride-based NADES solutions were
used for the extraction of polyphenols from date leaves. Three conventional solvents
(Water, 70% acidified ethanol, and 70% acidified methanol) were used as controls, in
comparison with the explored NADES systems. The total polyphenolic content (TPC) of
date leaves-derived extracts (DLE) using the different NADES systems is presented in
Figure 2. Herein, NADES showed higher TPC values compared to water, but lower than
ethanolic and methanolic solvents. Moreover, the TPC content of the different NADES
varied significantly which can be attributed to the difference in their polarities, viscosities,
and dissolving abilities (Socas-Rodríguez et al., 2021). The TPC of glycerol-based
NADES was higher compared to saccharides and organic acids-based NADES, as
displayed in Figure 2. Previous studies have also reported that the polyol-based NADES
were efficient for the extraction of polyphenol from blueberry leaves in comparison with
sugar and organic acids-based NADES (Wang et al., 2017). Date by-products are rich
sources of ferulic acid (Abu-Reidah et al., 2017) and previously polyol-based NADES
systems like glycerol have been reported to have better extraction efficiency for ferulic
acid than other various NADES (Xie et al., 2019). The higher TPC levels with glycerolbased NADES can be further ascribed to the difference in the nature and extent of
interaction between the glycerol-NADES components and the target compounds (SocasRodríguez et al., 2021).
In another aspect, glycerol-based NADES showed superior results in terms of the
extraction yield of date leaves-derived polyphenols compared to the rest of the NADES
systems at the different studied dilutions (Figure 2). Indeed, an increase in the water
content in the NADES systems resulted in a significant increase in the TPC content of the
corresponding DLE that is generally attributed to a decrease in the viscosity of the solvent
medium, enhancing, therefore the mass transfer (Dai, Witkamp, et al., 2013) or a shift in
the polarity of the solvent in favor of higher extraction efficiency of polyphenols
(Bosiljkov et al., 2017).
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GAE µg/100 mg of FWDL

Figure 2: Total phenolic content (GAE µg/100 mg of FWDL) of different NADES-based
date leaves extracts at different concentration (10 to 80%). Data are presented as mean ±
SD (n=3). Different small letters in each bar indicate a significant difference between the
different analyzed samples. Keynotes: OA: Oxalic acid, Gly: Glycerol, GLU: Glucose,
Xyl: Xylose, CA: Citric acid, MA: Malic acid, Aq: Aqueous, M: Methanol, E: Ethanol,
FWDL: Fresh Weight of Date Leave.

Among the various glycerol-based DLE, NADES (N*) having a water content of
40% reported the highest TPC values and was considered to be the most efficient NADES
system studies in this study. Further increase in the water content beyond 40% in NADES
notably decreased the TPC of the resulting DLE (Figure 2). Previously, the addition of
water from 10 to 50% was reported to considerably affect the viscosity and polarity of
different NADES solvents with stabilization of the polarity values of the solvent at around
60% (Dai, 2013), which might explain the decrease in the TPC content in NADES-based
systems with higher water percentage of 80%.
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3.2 Ultrasonication-assisted extraction (UAE) coupled with NADES (UAE-NADES)
for the extraction of polyphenols from date leaves
3.2.1. Effect of the process parameters on the phenolic compound recovery
The TPC content of the UAE-NADES-based DLE is presented in Figure 3A. The
DLE was produced using glycerol-based NADES showing the highest TPC content (N*),
and conventional solvents (70% ethanol, 70% methanol, and water) serving as controls.
The TPC content of the different DLE portrayed the following order: Ethanol > Methanol
> N* > Water (Figure 3A). Choline-chloride-based NADES extracts of curcumin were
previously reported to have a higher polyphenolic extraction yield than aqueous extracts
but lower than methanolic solvents (Jeliński et al., 2019). Lower extraction yield of
choline-chloride: glycerol in comparison with ethanolic solvents has been further reported
during the extraction of anthocyanin from wine lees (Bosiljkov et al., 2017).
In the present study, glycerol-based NADES coupled with ultrasonication exhibited
a detrimental effect on the TPC of DLE compared to NADES alone (Figure 3A). It is
worth mentioning that ultrasonication has been reported to improve the extraction of
polyphenols by improving matrix fragmentation and cell erosion due to the process of
acoustic cavitation (Rao et al., 2021). However, in this study, the raw material (date leaves)
was already grounded to fine particle material before extraction which possibly facilitated
the access of NADES effectively to extract the bioactive components. Moreover, the
application of ultrasonication in combination with NADES might have led to the
degradation of the extracted polyphenols due to sonolysis, mechanical effect, or OH
radicals generated during the process (Dzah et al., 2020). (Chanioti & Tzia, 2018) stated
that homogenate-assisted NADES extraction of polyphenols from olive pomace displayed
higher TPC content (34.08 ±0.08 mg GA/g dry weight) in comparison with UAE-NADES
(20.14±0.55 mg GA/g dry weight). Similar results (Stirring > UAE) were reported during
the extraction of polyphenols from Pyrola incarnata Fisch using polyol-based eutectic
solvents (Yao et al., 2015).
Longer extraction time decreased the TPC content in the UAE-NADES-based
extracts, while higher power and lower NADES concentration were found to enhance the
yield of TPC in the resulting DLE (Figure 3A). Higher power imparts a stronger and fastermixing effect thereby improving the mass transfer that results in higher yields. However,
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using higher power for a longer time proved to be detrimental for the extraction of
polyphenols from date leaves at both the higher and lower concentration of NADES.
Overall, an increasing in the water percentage in NADES-based systems favored the
extraction of polyphenols in the UAE-NADES-based samples (Figure 3A). This finding
could be ascribed to the fact that with higher NADES concentration, polyphenols are
solubilized quickly, and immediately degraded due to the ultrasonication effect.
Conversely, at lower NADES concentrations, polyphenols are extracted at a slower rate,
being somehow protected even when the UAE was used (Ince, Sahin, & Sumnu, 2014).
Among all samples, the highest TPC content was observed after 30 min of
treatment, at an ultrasonication power of 80 W, and NADES containing 60% water. (Ince
et al., 2014) reported a maximum polyphenolic extraction yield from aerial parts of the
nettle at an ultrasonication amplitude of 80% for 30 min. Similarly, with Terminalia
catappa L. leaves, an increase in the ultrasonication time from 20 to 60 min showed that
the yield could be maximized only up to 40 min, with further increase in the ultrasonication
time decreasing the polyphenolic content of the resulting extract (Annegowda et al., 2010).
In the opposite line to the current results, a longer ultrasonication time of up to 60 min was
reported to improve the yield of polyphenols from the olive leaves (Rombaut et al., 2021).
However, the authors considered only time as an independent variable overlooking other
significant interactions that could affect the extraction yield. Moreover, the differences in
the structure integrity of the different types of leaves used and the content of polyphenols
among different plant sources cannot be controlled, which might lead to the varying effect
of the different treatments (Rombaut et al., 2021).
The factorial plots (Figure 3B) suggest that for UAE-NADES, polyphenols
extraction from date leaves could be maximized at a lower concentration of NADES
(containing 60% water), lower power, and longer time of ultrasonication treatment, as well
as higher power and lower time. The ANOVA table (Table 4) suggests that water content
in the NADES-based system had a significant effect on the TPC yield from date leavesderived extracts. In fact, the two-way interactions were showing a higher contribution
(60.72%) in explaining the model variabilities. Moreover, three-way interactions also had
a significant effect on the response output.
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Figure 3: TPC of UAE-NADES based DLE. (A). Total phenolic content of date palm
leaves extracted using NADES coupled with ultrasonication. Data are presented as mean
± SD (n=3). Different small letters in each bar indicate a significant difference between
the different analyzed samples. (B). Factorial plots showing the effect of the different
process parameters and the interaction among them. Keynotes: UA (30%, 40 W, 30 min),
UB (30%, 40 W, 60 min), UC (30%, 80 W, 30 min), UD (30%, 80 W, 60 min), UE (60%,
40 W, 30 min), UF (60%, 40 W, 60 min), UG (60%, 80 W, 30min), UH (60%, 80 W, 60
min) are runs performed at different levels of dilution, power, and ultrasonication time,
respectively. N*: 40% Glycerol-NADES-based date leave extracts with the highest TPC
content, FWDL: Fresh Weight of Date Leave.
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Table 4: Analysis of Variance (ANOVA) tables for TPC content of UAE-NADES-based
date leave extracts.
FPSeq SS Contribution Adj SS Adj MS Value Value

Source

DF

Model

7

68352.1

90.59%

68352.1 9764.58 11.23

0.001

Linear

3

11721.4

15.54%

11721.4 11721.4

8.14

0.041

Power

1

784.3

1.04%

784.3

784.3

0.88

0.375

Time

1

2743.4

3.64%

2743.4

2743.4

3.09

0.117

NADES

1

8193.7

10.86%

8193.7

8193.7

9.23

0.016

2-way interactions

3

45822.7

60.72%

45822.7 45822.7 19.15

0.002

Power*time

1

25156.0

33.34%

25156.0 25156.0 28.33

0.001

Power*NADES

1

4462.7

5.91%

4462.7

5.03

0.050

Time*NADES

1

16204.0

21.47%

16204.0 16204.0 18.25

0.003

3-way interactions

3

10808.0

14.32%

10808.0 10808.0 12.17

0.008

Power*time*NADES

1

10808.0

14.32%

10808.0 10808.0 12.17

0.008

Error

8

7103.9

9.41%

7103.9

Total

15

75456.1

100.00%

S-value

29.79

R2

90.59%

4462.7

888.0

3.2.2 Phenolics profiling of UAE-NADES-based Date leave extracts (DLE)
Among eight UAE-NADES-based DLE, only two samples (UG and UF) with the
highest TPC were subjected to phenolic profiling using RP-UPLC. NADES-based DLE
with the highest TPC content (N*) revealed the presence of eleven polyphenolic
compounds. Among the identified phenolic compounds, ferulic acid, rutin hydrate, and
1,2 dihydroxy benzoic acid were the most abundant detected phenolics in the analyzed
DLE. In addition, catechin, vanillic acid, coumaric acid, and cinnamic acid were detected
in considerable amounts. In comparison with NADES-based DLE with the highest TPC
(N*), ultrasonication (UG) resulted in a considerable change in the polyphenolic profile.
Here, polyphenols such as 1,2-dihydroxy benzoic acid and 4-hydroxy benzoic acid
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decreased from 104.832 µg/100g and 20.797 µg/100g to 100.64 µg/100g and 19.5865
µg/100g, respectively. Moreover, polyphenols such as caffeic acid and cinnamic acid were
totally absent in UG samples. This was in consent with the above-discussed TPC results
that showed a significant decrease in the TPC levels with the association of ultrasonication
for the extraction of polyphenols. Regarding the UF UAE-NADES sample, extracted
under similar conditions of US power and NADES concentration but for a longer
extraction time (60 min) than the UG sample (30 min) resulted in a further decrease in the
content of polyphenols was perceived (Table 5).
For instance, the most abundant polyphenols such as ferulic acid, rutin hydrate, and
1,2-dihydroxy benzoic acid decreased from 237.75 µg/100g, 104.832 µg/100g, and
104.832 µg/100g in N* to 202.043 µg/100g, 167.7355 µg/100g, and 98.7895 µg/100g in
the UF sample. These results were in agreement with the previously described results in
the current study, suggesting that ultrasonication resulted in the degradation of
polyphenols and recommending an extraction process at a shorter time when higher power
was used (Figure 3).
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Table 5: RP-UPLC polyphenolic profiling (µg/100g of fresh weight of date leaves
(FWDL)of MAE-NADES and UAE-NADES-based date leaves extracts with the highest
TPC content.
POLYPHENOLS

N*
(µg/100g
FWDL)
0.58

MB
(µg/100g
FWDL)
ND

MC
(µg/100g
FWDL)
ND

UG
(µg/100g
FWDL)
ND

UF
(µg/100g
FWDL)
ND

1,2-Dihydroxy
benzoic acid
Catechin

104.83

110.40

105.12

100.64

98.78

14.31

20.18

16.61

15.23

14.47

4-hydroxy benzoic
acid
Vanillic acid

20.79

22.16

19.18

19.58

18.90

22.34

24.26

21.44

22.12

21.19

Caffeic acid

5.69

ND

ND

ND

0.344

Syringic acid

0.14

0.292

ND

0.15

0.113

Coumaric acid

17.60

17.94

17.74

16.51

17.46

Ferulic acid

237.72

254.41

174.23

246.64

202.04

Rutin hydrate

182.12

ND

161.70

216.11

167.73

Cinnamic acid

3.527

ND

ND

ND

3.152

Gallic acid

N*: Glycerol-NADES-based date leave extracts with the highest TPC content.

MB & MC are MAE-NADES-based samples produced at processing parameters (30%,
400 W, 2 min) and (30%, 800 W, 0.5 min), respectively.
UG & UF are UAE-NADES-based samples produced at processing parameters (60%, 80
W, 30 min) and (60%, 40 W, 60 min), respectively.
ND: Not detected.
FWDL: Fresh Weight of Date Leave.
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3.3 Microwave-assisted extraction (MAE) coupled with NADES (MAE-NADES) for
the extraction of polyphenols from date leaves
3.3.1 Effect of the process parameters on the phenolic compounds’ recovery
The TPC values of DLE produced by MAE-NADES at different processing
parameters are depicted in Figure 4A. The TPC of N* was significantly higher than
aqueous extracts, however, significantly lower than ethanolic and methanolic solvents
used in this study. The extraction process coupling with microwave irradiation improved
the TPC levels of DLE depending on the used process parameters. The microwave
irradiation on the NADES and water results in a breakdown of the raw material structure
resulting in the easier release of polyphenols (Du et al., 2009; Zeng et al., 2010).
Furthermore, (Dai, 2013) suggested that the speed of microwave energy transmission to
the sample was increased by NADES application, which could enhance polyphenols
extraction efficiency from the raw material. In the current study, the TPC content of DLE
at higher NADES concentration, microwaves irradiation time of 30 s and power of 800
W, as well as the time of 2 min and power of 400 W, was notably the highest, being
significantly higher than the conventional solvents (Figure 4A). An increase in the
extraction time at lower power decreased the TPC levels, while higher power decreased
the TPC values of DLE at higher NADES concentrations (Figure 4A). This can be
attributed to the degradation of polyphenols at higher microwave power used over a longer
period of time. Previously, longer microwave times were reported to have a detrimental
effect on TPC in Cyclocarya paliurus Iljinskaja (Xie et al., 2015) and Vernonia
amygdalina (Alara et al., 2018) leaves due to the decomposition of the target compounds
(Dai et al., 2010; Liazid et al., 2007). Nevertheless, the TPC levels obtained with MAENADES-based DLE at higher power and longer time were better compared to UAENADES. Most possibly, a reduced extraction time with MAE in comparison with UAE
may prevent the degradation of polyphenols, and thereby a higher TPC content with MAENADES at higher power and longer time, compared to UAE-NADES-based DLE.
The factorial plots (Figure 4B) suggest that MAE-NADES extraction for a short
time and high power, as well as long time and low power, could maximize the extraction
of polyphenols from date leaves. The yield can be maximized by using different
combinations of factors such as higher power and low time, low power and high time, and
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high power and low water (Figure 4B). Thus, various combinations can be adopted for
more efficient extraction of TPC in a shorter duration of time. The ANOVA table (Table
6) proposes that the water content of NADES, time, and power have a significant effect
on the TPC yield of MAE-NADES-based DLE. Furthermore, two-way interactions except
(water*time), as well as three-way interactions exhibit a significant effect on the response
output (TPC yield).
Accordingly, the application of non-conventional techniques such as microwave
irradiation and ultrasonication can be effectively used for the extraction of polyphenolic
compounds from date leaves with a considerable reduction in the extraction time. Herein,
MAE-NADES-based DLE demonstrated considerably higher TPC compared to the UAENADES-based DLE (Figures 3A and 4A). The previous studies conducted on MAE- and
UAE-extraction of bioactive compounds have also reported that MAE to be better
compared to UAE. Similar results were reported for polyphenols extraction from olive
pomace (Chanioti et al., 2021; Chanioti & Tzia, 2018) and blueberry peel (Grillo et al.,
2020). The comparison of various non-conventional techniques for the extraction of
polyphenols using MAE was previously reported as more efficient than UAE for the
extraction of polyphenols from olive leaves (da Rosa et al., 2019) and grape pomace
(Drosou et al., 2015).
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Figure 4: TPC of MAE-NADES based DLE. (A) Total phenolic content of date palm
leaves extracted using NADES coupled with Microwave irradiation. Data are presented as
mean ± SD (n=3). Different small letters in each bar indicate a significant difference
between the different analyzed samples. (B). Factorial plots showing the effect of the
different process parameters and the interaction among them. Keynotes: MA (30%, 400
W, 0.5 min), MB (30%, 400 W, 2 min), MC (30%, 800 W, 0.5 min), MD (30%, 800 W, 2
min), ME (60%, 400 W, 0.5 min), MF (60%, 400 W, 2 min), MG (60%, 800 W, 0.5 min),
MH (60%, 800 W, 2 min) are runs performed at different levels of dilution, power, and
microwaves irradiation time, respectively. N*: Glycerol-NADES-based date leave extracts
with the highest TPC content; FWDL: Fresh Weight of Date Leave.
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Table 6: Analysis of Variance (ANOVA) table for TPC content of MAE-NADES-based
date leave extracts.
Adj
Seq SS Contribution Adj SS

MS

F-

P-

Value Value

Source

DF

Model

7

260759

96.42%

260759

37251

30.81

0.000

Linear

3

135455

50.09%

135455

45152

37.34

0.000

water

1

91680

33.90%

91680

91680

75.83

0.000

time

1

34164

12.63%

34164

34164

28.26

0.001

power

1

9610

3.55%

9610

9610

7.95

0.023

Interactions

3

114211

42.23%

114211

38070

31.49

0.000

water*time

1

0

0.00%

0

0

0.00

0.998

water*power

1

8159

3.02%

8159

8159

6.75

0.032

time*power

1

106052

39.22%

106052 106052

87.71

0.000

Interactions

1

11094

4.10%

11094

11094

9.18

0.016

water*time*power

1

11094

4.10%

11094

11094

9.18

0.016

Error

8

9673

3.58%

9673

1209

Total

15

270432

100.00%

S value

.000208

R2

98.06%

2-Way

3-Way

Various treatment levels of MAE-NADES (ME), as well as UAE-NADES (UA UH) that led to a decrease in the TPC of DLE, might be attributed to the degradation,
compositional or structural changes in the analyte as previously reported by (Kalyniukova
et al., 2021).
Beyond this, considering the obtained results from the current research study, the
association of NADES-based extraction with ultrasonication led to a higher percentage of
decrease in the polyphenolic content of UAE-NADES-derived DLE (15.48-46.23%),
compared to MAE-NADES-derived DLE (7.12%). This outcome further suggests that
microwaves irradiation exerted lesser detrimental effects on the polyphenolic content of
DLE than the ultrasonication technique, during the extraction process, proposing
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subsequently that MAE-NADES needs to be further optimized to obtain the best
combination of process parameters to maximize the yield of date leaves-based polyphenols
extraction. Overall, results showed that all eight combinations of the factorial design used
during MAE (MA – MH) and the four combinations used during ultrasonication (UE –
UH) portrayed very promising results. Correspondingly, the DLE produced using these
combinations was further studied for their bioactive properties.
3.3.2 Phenolics profiling of MAE-NADES-based Date leave extracts (DLE)
The highest polyphenolic content among the MAE-NADES-based DLE was
observed in MAE-NADES MB (lower power and longer time) and MC (higher power and
shorter time) samples, extracted at higher NADES concentration (60% Glycerol). The
number of identified polyphenolic compounds in both MAE-NADES MB and MC was
lower than NADES-based DLE and DLE with the highest TPC (N*). Among the identified
compounds, the most abundant polyphenol in the analyzed MAE-NADES-based samples
was ferulic acid followed by vanillic acid, 4-hydroxy benzoic acid, and catechin. Although
MAE-NADES MB samples were free of caffeic acid, rutin hydrate, and cinnamic acid,
being detected in N*, the quantities of the other identified polyphenolic compounds were
considerably higher than that of N* (Table 5). This was in consent with the TPC trend
above-described for N* and MAE-NADES-based DLE.
Taken all together, these findings point towards the positive influence of
microwave irradiation coupling with NADES for the extraction of polyphenols from date
leaves. Otherwise, regarding MAE-NADES MC, higher applied power and shorter time
of reaction induced a decrease in the quantity of identified polyphenols in the resulting
DLE. For example, 4-hydroxy benzoic acid amount decreased from 22.16 µg/100g to
19.18 µg/100g as well as amount of vinallic acid decreased from 24.26 µg/100g to 21.44
µg/100g. same were with the rest of identified polyphenols. However, MAE-NADES MCbased samples were found to contain higher levels of rutin hydrate 161.70 µg/100g in
comparison with MAE-NADES MB-derived samples were rutin hydrate was not detected.
Here, the UPLC analysis reveals that MAE- and UAE-NADES extraction led to a certain
level of degradation of the detected polyphenols compared to N* derived DLE, which was
in the same line with previous results reporting that both ultrasonication and microwaves
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irradiations cause degradation or structural changes in the analyte (Kalyniukova et al.,
2021).
3.4 Bioactive properties of UAE-NADES and MAE-NADES-based date leaves
phenolic extracts
3.4.1 DPPH and ABTS radical scavenging in vitro antioxidant activities
The antioxidant potentialities of UAE-NADES and MAE-NADES-based date
leaves phenolic extracts, in terms of DPPH and ABTS radical scavenging activities, are
summarized in Figure 5.
The highest DPPH radical scavenging activity was recorded with ethanolic
solvents-based DLE, while the radical scavenging activity of NADES (Choline-chloride
+ Glycerol)-based DLE (N*) was comparable with methanolic solvent-derived DLE and
significantly higher compared to water-derived DLE (Figure 5A). Furthermore, the
coupling with non-conventional techniques such as MAE as well as UAE revealed distinct
effects on the extraction yield of date leaves-derived polyphenols, and thereby their
bioactive attributes. Notably, overall, MAE-NADES derived DLE (MB, MC, MG, and
MH) showed significantly higher DPPH radical scavenging activity in comparison with
UAE-NADES (UE and UG) as well as NADES-based DLE (N*) (Figure 5A). This is in
direct corroboration with the higher TPC reported in the MAE-NADES derived DLE
compared to UAE-NADES derived DLE (Figures 3A and 4A). Microwaves irradiation
under controlled conditions was reported to have a higher positive effect on TPC and
radical scavenging activity of phenolics from soybean seeds (Đurović et al., 2018) and
pomegranate peel (Kaderides et al., 2019). The better efficiency of MAE compared to
UAE can be attributed to the direct transfer of heat to the solid matrix that creates a vapor
pressure gradient leading to the rupture of plant cells. In this context, (Da Silva et al., 2022)
reviewed the higher extraction efficiency of MAE than UAE and related this finding with
the improved solubility and mass transfer as well as the increased surface balance. Overall,
MAE-NADES-derived MB and MC extract demonstrated the highest DPPH radical
scavenging activities compared to other samples analyzed (P<0.05) (Figure 5A). Among
the MAE-NADES-based DLE (Figure 5A), the highest DPPH radical scavenging activity
was reported at higher power and shorter time, while for the UAE-NADES-based DLE,
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the highest antioxidant activity values were obtained at lower power and longer time
(Figure 5A). Comparing MAE-NADES and UAE-NADES-based DLE antioxidant
behaviors, the obtained results show that DLE extracted using MAE-NADES exhibited
higher DPPH radical scavenging activity than UAE-NADES. (Dahmoune et al., 2015)
reported higher ABTS and DPPH radical scavenging activities for MAE-treated Myrtus
communis leaves in comparison with UAE. Apart from this, some of the UAE processes
such as UAE-NADES UE demonstrated a detrimental effect on the DPPH radical
scavenging activity of the resulting extracts (Figure 5A), suggesting MAE-NADES as a
more promising method of polyphenolic compounds extraction. This outcome can be
attributed to the fact that ultrasonication results in the generation of reactive oxygen
species during sonolysis (Baba, et al., 2021), which might have scavenged some of the
antioxidant activity of the DLE, resulting in lower radical scavenging activity (Qiao et al.,
2014). In accordance with the current results, (Wang et al., 2020) reported that ultrasounds
induced the degradation of polyphenols during extraction due to mechanical and
sonochemical effects.
A similar trend with the DPPH radical scavenging activity was observed for the
ABTS radical scavenging activity, with MAE-NADES-based DLE showing greater
antioxidant activity in comparison with UAE-NADES-based DLE (Figure 5B). The ABTS
radical scavenging activity of MAE-NADES-derived DLE was comparable to the
conventional solvents-originated DLE, and significantly higher than the NADES-based
(N*) and Aqueous DLE (Figure 5B). Moreover, ABTS radical scavenging activity for
some of the UAE-NADES-based DLE (UE) was significantly lower than the other UAENADES-based DLE (P<0.05). These results strongly suggested that MAE-NADES
demonstrated preference over UAE-NADES as well as NADES alone for phenolic
compound recovery with higher radical scavenging activities.
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Figure 5: Radical scavenging activities of DLE. (A). DPPH radical scavenging activity
and (B). ABTS radical scavenging activities of UAE-NADES and MAE-NADES-based
DLE. Data are presented as mean ± SD (n=3). Different small letters in each bar indicate
a significant difference between the different analyzed samples. Keynotes: MA (30%, 400
W, 0.5 min), MB (30%, 400 W, 2 min), MC (30%, 800 W, 0.5 min), MD (30%, 800 W, 2
min), ME (60%, 400 W, 0.5 min), MF (60%, 400 W, 2 min), MG (60%, 800 W, 0.5 min),
MH (60%, 800 W, 2 min), UE (60%, 40 W, 30 min), UF (60%, 40 W, 60 min), UG (60%,
80 W, 30min), UH (60%, 80 W, 60 min) are runs performed at different levels of dilution,
power, and ultrasonication time, respectively. N*: 40% Glycerol-NADES-based date
leave extracts with the highest TPC content, FWDL: Fresh Weight of Date Leave.
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3.4.2 Inhibition of enzymatic markers associated with Diabetes
The partial inhibition of carbohydrate digesting enzymes, especially DPP-IV
(Nongonierma et al., 2017), α-amylase, and α-glucosidase (Baba, Mudgil, Kamal, et al.,
2021) are reported to be effective strategy in combating Type 2 diabetes. In this study, the
effectiveness of DLE in inhibiting enzymatic markers related to diabetes was explored in
order to have some insight into their bioactive properties.
The α-glucosidase inhibition of UAE- and MAE-NADES-based DLE is presented
in Figure 6A. On an average basis, the α-glucosidase inhibition of the analyzed DLE was
found to be reported in the following order: Ethanolic > Methanolic > MAE-NADES >
NADES > UAE-NADES > Water-derived DLE. For instance, the NADES-based DLE
(N*) portrayed higher α-glucosidase inhibition (32.29%) than that of aqueous DLE (Figure
6A). Ultrasonication coupling with NADES resulted in the lowest α-glucosidase inhibition
of the resulting DLE, while MAE-NADES revealed significantly higher α-glucosidase
inhibition values (Figure 6A) compared to UAE-NADES derived DLE. Indeed, the
decrease in the α-glucosidase inhibition percentage of UAE-NADES-based DLE varied
from 2.8 - 23.4%, whereas the application of MAE increased the α-glucosidase inhibition
by a maximum of 17.68% compared to the α-glucosidase inhibition of NADES-based DLE
(N*) (Figure 6A). In a comparative study of different extraction methods such as
ultrasonication, microwaves irradiation, and water extraction, MAE-based Potentilla
discolor extracts exhibited the highest α-glucosidase inhibition (Zheng et al., 2021), which
was in consent with the results from the current research study. Considering MAENADES-derived DLE, lower microwave power and longer time of treatment, as well as
higher power and shorter time at lower dilution level (30%) of NADES showed higher αglucosidase inhibition in comparison with higher NADES dilution-derived (60%) DLE
samples. Otherwise, an increase in the dilution of NADES decreased the α-glucosidase
inhibition of the resulting samples irrespective of the microwave power and time
combinations (Figure 6A).
A similar trend was perceived for the α-amylase inhibition of date leaves-derived
polyphenols and obtained results are summarized in Figure 6B. On an average basis, the
α-amylase inhibitory properties of the analyzed DLE were found to be in the following
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order of α-amylase inhibition: Ethanolic > Methanolic > MAE-NADES > NADES > UAENADES > Water-derived DLE. The NADES-based DLE resulted in an 84% increase in
the α-amylase inhibition in comparison with aqueous extracts. Notably, a percentage
increase of up to 31.85% in some of the MAE-NADES-based DLE (MAE-NADES MA
and MD) was reported, while UAE-NADES-based DLE revealed a 5.52-20.96% decrease
in the α-amylase inhibition (Figure 6B). Among the MAE-NADES, lower dilution (30%)
of NADES coupled with microwave at lower power and longer time, as well as high power
and shorter time resulted in the highest α-amylase inhibition levels. However, an increase
in the dilution of NADES to 60% induced a significant decrease in the α-amylase
inhibition activity of the resulting DLE (Figure 6B). Moreover, some combinations of the
MAE-NADES, mainly MAE-NADES MA, demonstrated similar or even greater αamylase inhibition activities than the methanolic DLE (Figure 6B), suggesting
microwaves irradiation-based NADES systems a promising method for the extraction of
polyphenols from date leaves with highly preserved bioactive potential.
In another aspect of the inhibition of key enzymes related to diabetes, the DPP-IV
inhibition activity of different DLE was explored. The results showed that the DPP-IV
inhibitory activity of the DLE was significantly affected by the mode of extraction, with
MAE-NADES-based DLE showing the highest DPP-IV inhibition activity, followed by
ethanolic and NADES-derived DLE, while aqueous extracts were not able to exert any
inhibition of the DPP-IV enzymes, under such circumstances (Figure 6C). The
ultrasonication treatment revealed a detrimental effect on the DPP-IV inhibition activity,
with UAE-NADES-based DLE showing a DPP-IV inhibition activity percentage decrease
of 74.63-84.14% in comparison with NADES-derived DLE (N*). The conjoint utilization
of microwaves irradiation and NADES improved the DPP-IV inhibition activity to a
maximum of 85.61 % compared to a 4.13 to 9.62% enhancement with NADES-based DLE
(Figure 6C). Contrariwise, an increase in the water fraction from 30% (MA to MD) to 60%
(ME to MH) of the NADES systems resulted in a significant decrease in the DPP-IV
inhibition activity of the resulting MAE-NADES-based extracts irrespectively of the
utilized microwave power and time combinations (Figure 6C). Herein, there is a clear
indication that microwaves irradiation improved or assisted to retain the bioactivity of the
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date leaves-derived polyphenolic extracts when compared to the ultrasonication when used
in combination with NADES.
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Figure 6: Inhibition of diabetes-related enzymatic markers of DLE. (A). α-glucosidase, (B). αamylase, and (C) DPP-IV inhibition activities of UAE-NADES and MAE-NADES-based DLE.
Keynotes: MA (30%, 400 W, 0.5 min), MB (30%, 400 W, 2 min), MC (30%, 800 W, 0.5 min), MD
(30%, 800 W, 2 min), ME (60%, 400 W, 0.5 min), MF (60%, 400 W, 2 min), MG (60%, 800 W, 0.5
min), MH (60%, 800 W, 2 min), UE (60%, 40 W, 30 min), UF (60%, 40 W, 60 min), UG (60%, 80
W, 30min), UH (60%, 80 W, 60 min) are runs performed at different levels of dilution, power, and
ultrasonication time, respectively. ND: not detected, N*: 40% Glycerol-NADES-based date leave
extracts with the highest TPC content. Data are presented as mean ± SD (n=3). Different small letters
in each bar indicate a significant difference between the different analyzed samples.
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3.4.3 Inhibition of enzymatic markers associated with the anti-lipidemic effect
Pancreatic lipase is a key enzyme involved in fat metabolism and its inhibition may
play a pivotal role in preventing obesities-related complicacies (Baba et al., 2021).
Purposely, in the present study, the pancreatic lipase inhibition of the different DLE was
evaluated and the obtained data are presented in Figure 7A. Among the different DLE, on
an average basis the pancreatic lipase inhibition of the DLE was found to be in the
following order of their potencies: MAE-NADES > UAE-NADES > NADES > Ethanol >
Methanol. The percentage of increase in the pancreatic lipase inhibition of NADES-based
DLE, in comparison with the conventional solvents-derived DLE, was in the range of
235.04 to 125.64% (Figure 7A). The coupling of NADES-based solvents with
ultrasonication and microwave mostly resulted in a significant increase in the pancreatic
lipase inhibition of the resulting DLE, with MAE-NADES-based DLE showing higher
pancreatic lipase inhibition than UAE-NADES-based DLE. Among the MAE-NADESbased DLE, the greatest pancreatic lipase inhibition potentialities were reported for DLE
prepared using lower dilution-based NADES (30%) systems (Figure 7A).
A pancreatic enzyme cholesterol esterase which is found in bile catalyzes the
release of cholesterol and free fatty acids from dietary cholesterol esters (Mudgil et al.,
2019). Consequently, cholesterol esterase inhibition may indirectly stop the body from
absorbing by lowering the amount of cholesterol produced from dietary lipids (Heidrich
et al., 2004). Here, NADES-based DLE displayed significantly higher cholesterol esterase
inhibition than the conventional solvents-derived DLE, while no cholesterol esterase
inhibition could be detected in the aqueous extracts (Figure 7B). Both microwaves as well
as ultrasonication when coupled with NADES resulted in a significant increase in the
cholesterol esterase inhibition of the corresponding DLE (Figure 7B), with MAE-NADESbased DLE that contained NADES with lower water content (30%: MA to MD) showing
higher cholesterol esterase inhibition abilities than those prepared at higher NADES
dilution (60%: ME to MH) (Figure 7B).
The data from the current work suggest that coupling microwave irradiation with
NADES-based systems should be preferred over ultrasonication for the production of
polyphenolic extracts with a higher ability to maintain their bioactivities. Accordingly,
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MAE-NADES was further optimized for the extraction of date leaves-derived
polyphenols.
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Figure 7: Inhibition of obesity-related enzymatic markers of DLE. (A) Pancreatic lipase
and (B) cholesterol esterase inhibitory activities of UAE-NADES and MAE-NADESbased DLE. Keynotes: MA (30%, 400 W, 0.5 min), MB (30%, 400 W, 2 min), MC (30%,
800 W, 0.5 min), MD (30%, 800 W, 2 min), ME (60%, 400 W, 0.5 min), MF (60%, 400
W, 2 min), MG (60%, 800 W, 0.5 min), MH (60%, 800 W, 2 min), UE (60%, 40 W, 30
min), UF (60%, 40 W, 60 min), UG (60%, 80 W, 30 min), UH (60%, 80 W, 60 min) are
runs performed at different levels of dilution, power, and ultrasonication time,
respectively. ND: not detected, DPL: Date palm leave, N*: 40% Glycerol-NADES-based
date leave extracts with the highest TPC content. Data are presented as mean ± SD (n=3).
Different small letters in each bar indicate a significant difference between the different
analyzed samples.
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3.5 Optimization of MAE-NADES for the extraction of polyphenols from date
leaves
Herein, the adopted model showed a high R2 (0.94) and a non-significant lack of
fit (0.478) suggesting the robustness and veracity of the model. Results suggested that all
the linear terms, as well as two-way interactions except water*time, had a significant effect
on the response output. In addition, quadratic terms: (Dilution)2 and (Power)2
significantly affected the response output while (time)2 had a non-significant effect (Table
7).
Table 7: The ANOVA table of the Box-Behnken Design (RSM) for optimization of date
polyphenol extraction.
Source Sum of Squares df Mean Square F-value p-value
Model
A-Dilution
B-Power
C-Time
AB
AC
BC
A²
B²
C²
Lack of Fit
R2
Adj R2

99757.38
12987.60
383.23
2018.34
194.32
1230.74
3480.41
16511.92
56343.19
1292.43

9
1
1
1
1
1
1
1
1
1

11084.15
12987.60
383.23
2018.34
194.32
1230.74
3480.41
16511.92
56343.19
1292.43

12.63 0.0015
14.80 0.0063
10.43 0.0018
11.30 0.0131
10.25 0.0052
1.40 0.2749
23.97 0.0006
18.82 0.0034
64.21 < 0.0001
1.47 0.2642

significant

< 0.478 Non-significant
0.94
0.91

The 3D plots display the interaction between the two independent factors i.e.,
dilution*power, dilution*time, and power*time (Figure 8). Evidently an increase in the
NADES dilution, resulted in a decrease in the extraction yield, while at higher microwaves
power (800 W), the extraction yield could be maximized majorly due to increased transfer
of energy that might facilitate the penetration of NADES into the raw material samples
(Xie et al., 2019). Further increase in the microwave power could result in the generation
of more heat that would be detrimental to polyphenols recovery. Beyond this, an increase
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in the extraction time exhibits a decreasing effect on the total yield of recovered
polyphenols (Figure 8).
The RSM predicted that the extraction can be optimized by keeping NADES
dilution at 49%, and microwave power at 800 W, for a treatment time of 0.84 min. The
experimental values (762.11 ± 12.61 μg/100 mg) at NADES dilution of 49%, microwave
power of 800 W, and irradiation time period of 0.84 min were performed in triplicates and
showed close proximity with the predicted values (752.26 μg/100 mg) (Table 8).
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(A)

TPC (μg/100mg)

TPC (µg/100m)

(B)

TPC (μg/100mg)

(C)

Figure 8: 3D-plots of response surface methodology for Total phenolic content
(μg/100mg) of date leave extracts produced using MAE-NADES, depicting interaction
between various process parameters (A). Dilution vs Power (B). Dilution vs Time (C).
Power vs Time. Power: W; Dilution: Percentage of water in NADES; Time: min.
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Table 8: Phenolic content of date leave extracts produced using NADES coupled with
microwave with the Box-Behnken design (Run: 1-17); Authentication (Experimental
values) of the optimized process parameters (Run 18-20) as predicted by the BBD.
TPC (μg/100 mg
Run

Independent Factors

FWDL)

1

Dilution
(Water:
NADES)
30 (-1)

Power (W)
600 (-1)

Time (min)
1.25 (0)

616.84±8.34hi

2

30 (-1)

1000 (+1)

1.25 (0)

599.76±7.73i

3

45 (0)

800 (0)

1.25 (0)

771.21±5.85b

4

45 (0)

600 (-1)

2 (+1)

657.87±6.29f

5

30 (-1)

800 (0)

2 (+1)

715.90±8.09c

6

60 (+1)

800 (0)

2 (+1)

619.95±5.94h

7

60 (+1)

1000 (+1)

1.25 (0)

555.69±7.69j

8

60 (+1)

600 (-1)

1.25 (0)

600.65±8.32i

9

45 (0)

800 (0)

1.25 (0)

771.24±5.67b

10

30 (-1)

800 (0)

0.5 (-1)

797.92±9.57a

11

45 (0)

1000 (+1)

2 (+1)

602.21±8.38i

12

45 (0)

800 (0)

1.25 (0)

771.53±10.94b

13

45 (0)

600 (-1)

0.5 (-1)

615.47±7.54hi

14

60 (+1)

800 (0)

0.5 (-1)

631.80±8.68g

15

45 (0)

800 (0)

1.25 (0)

771.98±7.96b

16

45 (0)

1000 (+1)

0.5 (-1)

677.80±6.79e

17

45 (0)

800 (0)

1.25 (0)

771.72±7.24b

18

49.85

800.46

0.83

756.36±7.35b

19

49.85

800.46

0.83

765.71±5.38b

20

49.85

800.46

0.83

764.28±6.17b
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Chapter 4: Conclusion
This study reports the recovery of polyphenolic extracts from an agro-by-product,
date palm leaves, through the combination of appropriate green Natural Deep Eutectic
Solvent (NADES) with emerging green extraction techniques [Ultrasounds (UAE) and
Microwaves irradiation (MAE)]. Glycerol: Choline-chloride-based NADES system was
found to be a better green solvent compared to saccharide and organic acids-based NADES
for the extraction of polyphenols from date leaves, showing the highest total phenolic
content. Afterward, coupling microwaves irradiation with NADES (MAE-NADES) suited
best for the production of date leaves-derived polyphenolic extracts with the highest
polyphenolic content and better retention of biological activities in comparison with
NADES alone, conventional solvents, as well as ultrasonication coupled with NADES.
Ultrasonication when coupled with NADES resulted in a detrimental effect on both
extraction yield (TPC) and biological activity, thus not being considered as the preferred
extraction method for the production of date leaves-derived extracts. Both UAE-NADES
and MAE-NADES-based extracts with the highest TPC values were further profiled for
phenolic compounds using RP-UPLC, showing ferulic acid and rutin as the major phenolic
compounds among the identified compounds. Date leave-derived extracts obtained using
microwave irradiation coupled with NADES exhibited high phenolic content and bioactive
potentialities that warrant further studies at the pilot scale. Accordingly, MAE-NADES
extraction parameters were further optimized using a Box-Behnken design of Response
Surface Methodology (RSM) with three independent factors (microwave power, time, and
NADES dilution). The RSM predicted that the phenolic extraction can be maximized at a
NADES dilution of 49%, and microwaves power of 800 W for 0.84 min of treatment time.
Further studies focusing on the toxicity, in vivo studies, scale-up process, and food
applications of the selected date leave-derived extracts need to be explored.
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This study was designed to explore date palm leaves, an agro by-product, as a potential
source of natural polyphenols recovered using green solvents and extraction
technologies. To enhance the extraction efficiency, natural deep eutectic solvent
(NADES) was coupled with non-conventional green extraction techniques such as
ultrasonication and microwave irradiation. The current research investigated the
effects of the extraction methods on the recovery of polyphenol compounds and their
biological activities, Finally, the extraction procedure with the highest recovery yield
and retention of bioactive properties was optimized using a Box-Behnken Design of
response surface methodology.
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